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PreviewsNew Exchanges in Eph-Dependent
Growth Cone Dynamics
The Eph receptor tyrosine kinases and their ephrin
ligands play a pivotal role during axon pathfinding
and neural circuitry formation. A prominent way in
which Eph receptors sculpt cellular morphology is by
remodeling the actin cytoskeleton and the surround-
ing plasma membrane through the regulation of Rho
family GTPases. Two articles in this issue of Neuron
(Sahin et al. and Cowan et al.) shed light on how Eph
receptors recruit guanine nucleotide exchange
factors for Rho family GTPases to modulate growth
cone dynamics.
Deciphering how neural circuits are established is a
fundamental challenge in developmental neurobiology
and the field of axon regeneration. Among the mole-
cules that specify neuronal connectivity are the Eph re-
ceptor tyrosine kinases and their membrane-associ-
ated ephrin ligands. The Eph receptors, which include
EphA and EphB receptors, define the trajectory of nu-
merous axonal populations and organize the formation
of topographic maps during neural development
(Palmer and Klein, 2003). Eph receptors localized in the
growth cone (the dynamic, enlarged tip of the growing
axon) increase their kinase activity upon binding to
ephrins on adjacent cells and trigger intracellular sig-
naling pathways that help control axon extension. Eph
receptor stimulation by ephrins typically leads to a re-
pulsive response, which involves localized retraction or
collapse of the entire growth cone. However, in some
contexts, Eph receptors can mediate adhesive/attrac-
tive responses to promote growth cone extension and
axon outgrowth, for example when Eph receptor-ephrin
adhesive complexes persist at sites of cell-cell contact
instead of being internalized or cleaved (Pasquale,
2005).
Growth cone repulsion and collapse require re-
arrangement of the actin cytoskeleton as well as re-
moval of excess plasma membrane by endocytosis
(Jurney et al., 2002). Endocytosis also serves to remove
Eph receptor-ephrin complexes from the cell surface,
allowing detachment of Eph-expressing growth cones
from ephrin-expressing cells (Pasquale, 2005). A num-
ber of studies have shown that Eph receptors signal
through Rho family GTPases—including RhoA, Rac1
and Cdc42—to regulate cell shape and motility (re-
viewed by Noren and Pasquale, 2004). In a developing
axon, activated GTP bound Rac1 and Cdc42 typically
promote growth cone enlargement and forward move-
ment, whereas activated RhoA induces growth cone re-
traction and collapse. Indeed, ephrin stimulation of
EphA receptors activates RhoA and its effector Rho-
kinase while inactivating Rac1 in retinal ganglion cells
(Wahl et al., 2000). However, it has been reported that
an initial reduction in Rac1 activity after ephrin-A stimu-
lation is followed by a rapid recovery, consistent with arequirement for Rac1 activity during growth cone col-
lapse (Jurney et al., 2002).
Despite our increasing understanding of Eph recep-
tor-mediated effects on growth cone morphology, the
signal transduction intermediates that allow Eph recep-
tors to control Rho family GTPases in the growth cone
have remained elusive. Two articles in this issue of Neu-
ron provide new insight into the cellular machinery that
links Eph receptors to Rho GTPases (Cowan et al.,
2005; Sahin et al., 2005). These mechanisms couple
Eph receptors to growth cone collapse in vitro and
likely play an important role in neural circuitry formation
in vivo.
To identify proteins expressed in the developing ner-
vous system that signal downstream of the EphA4 re-
ceptor, a yeast two-hybrid screen was performed. Inter-
estingly, the screen identified two exchange factors for
Rho family GTPases: ephexin1 (Sahin et al., 2005; Sha-
mah et al., 2001) and Vav2 (Cowan et al., 2005). Ephex-
in1 and Vav2 both contain the prototypical Dbl
homology-pleckstrin homology (DH-PH) domains that
activate Rho family GTPases by promoting exchange
of GDP for GTP, but otherwise their structural layout is
different (Schmidt and Hall, 2002). Ephexin1 and Vav2
belong to two different families of Dbl-related exchange
factors—the ephexin family composed of five members
and the Vav family composed of three members—and
they differ in their mode of interaction with Eph recep-
tors (Figures 1 and 2). Vav2 binds to activated, tyrosine
phosphorylated EphA4 through its single Src-homology
2 (SH2) domain (Figure 2). The interaction involves two
juxtamembrane tyrosine residues of EphA4 that are
highly conserved across the Eph family. Indeed, Vav2
can also bind to EphB receptors such as EphB2. The
SH2 domain of Vav2 is also used to interact with recep-
tor tyrosine kinases of many other families (Schmidt
and Hall, 2002). In contrast, ephexin1 and the related
Vsm-RhoGEF/ephexin2, which is expressed in smooth
muscle cells, preferentially bind to EphA receptors
(Ogita et al., 2003; Shamah et al., 2001). Interestingly,
this selective binding occurs through highly conserved
domains: the DH-PH domain of ephexin1 and the tyro-
sine kinase domain of EphA4, and is independent of
receptor activation (Figure 1).
In the absence of ephrin stimulation, EphA receptors
might target ephexin1 to the plasma membrane, where
this exchange factor could activate multiple Rho family
GTPases including RhoA, Rac1, and Cdc42 (Figure 1).
The particular balance of signaling likely promotes neu-
rite outgrowth, given the defects in neurite extension
observed in cultured retinal ganglion cells from ephex-
in1 knockout mice (Sahin et al., 2005; Shamah et al.,
2001). Remarkably, EphA receptor activation redirects
ephexin1 exchange activity through Src-dependent
phosphorylation (Knoll and Drescher, 2004; Ogita et al.,
2003; Sahin et al., 2005). Phosphorylation of the con-
served tyrosine 87 in the amino terminus of ephexin1
selectively potentiates its exchange activity toward
RhoA, while leaving the basal activity toward Rac1 and
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Cdc42 unchanged (Figure 2). Consistent with a role for p
ephexin1 in RhoA-dependent growth cone collapse, (
retinal ganglion cells lacking ephexin1 exhibit signifi- g
cant defects in collapse following EphA receptor acti- n
vation, and phosphorylation of tyrosine 87 of ephexin1 m
is important for this response. Substantial growth cone c
collapse still occurs in ephexin1 null neurons, however, s
implicating other signaling pathways or redundant ex- V
change factors in EphA-dependent growth cone repul- i
sion. These may include other ephexin family members t
or possibly Vav proteins, given that Vav exchange l
factors can also activate Rho GTPases (Schmidt and c
Hall, 2002). V
Vav2 is also rapidly phosphorylated on tyrosine resi- s
dues upon ephrin stimulation of both EphA and EphB r
receptors (Cowan et al., 2005). Eph receptor-induced e
phosphorylation likely alters the exchange activity of m
Vav2, in a similar manner as phosphorylation by other t
receptor tyrosine kinases (Schmidt and Hall, 2002). Ret- t
inal ganglion cells lacking both Vav2 and Vav3 (the two H
Vav family members that are expressed in neurons) ex- b
shibit a greatly reduced growth cone collapse responsef
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Figure 1. Exchange Factors that Couple Eph Receptor Signaling to a
Rho Family GTPases in Neurons C
Only ephexin1 and intersectin-1 bind in the absence of ephrin stim- m
ulation.
cimilar to those observed, for example, in ephrin-A-
Figure 2. Exchange Factors that Couple Ephrin-Stimulated Eph Receptors to Rho Family GTPases in Neuronsollowing EphA receptor activation by ephrin. This ef-
ect appears to be specific for Eph receptors because
ema3A-induced growth cone collapse is normal in
hese neurons. The growth cone collapse defects might
e due to disrupted Rac1-dependent endocytosis
vents. However, given the bidirectional changes in
ac1 activity that occur following EphA activation, it
ill be important to monitor how Vav2 regulates Rac1-
ctivity during actin cytoskeleton reorganization and
ndocytosis induced by ephrin stimulation. Several
ther intriguing questions also arise, including whether
isengagement of an Eph receptor-expressing cell from
n ephrin-expressing cell requires Vav activity to pro-
ote internalization of Eph-ephrin complexes and if
ell adhesion prevails in the absence of Vav signaling.
t will also be important to establish whether phosphor-
lation of Vav2 downstream of Eph receptors differenti-
lly regulates its exchange activity toward RhoA, Rac1,
dc42, and the other Vav2 target, RhoG, in a similar
anner as ephexin1 phosphorylation.
Consistent with the in vitro defects in growth cone
ollapse, in vivo analysis of Vav2-Vav3 double knockout
ice revealed defects in the retinogeniculate axonal
rojections, which are known to rely on Eph receptors
Cowan et al., 2005). The formation of ipsilateral retinal
anglion cell projections to the dorsal lateral geniculate
ucleus (dLGN) depends on repulsive guidance signals
ediated by EphB receptors when retinal axons en-
ounter the optic chiasm (Williams et al., 2003). The ip-
ilateral projections are reduced to less than half in the
av2-Vav3 double knockout mice, suggesting a defect
n sorting of these axons at the optic chiasm. In addi-
ion, mapping of the ipsilateral projections along the
ong axis of the dLGN—which is regulated by EphA re-
eptors—is shifted ventrolaterally. Thus, Vav2 and/or
av3 may be necessary to transduce signals down-
tream of both EphA and EphB receptors in ipsilateral
etinogeniculate axons. Abnormalities in the contralat-
ral reticulogeniculate projections, which occupy a
ore extensive proportion of the dLGN, were not de-
ected by the tracing methods used, suggesting that
he overall outgrowth of the retinal axons is normal.
owever, focal injections of dye tracer in the eye will
e required to reveal more subtle mapping alterations
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163deficient mice (Feldheim et al., 1998). It will also be in-
teresting to examine retinocollicular topography, in
which Eph receptors have a well-established role.
Analysis of the much anticipated ephexin1 knockout
mice did not reveal overt defects in retinogeniculate,
retinocollicular, and corticospinal projections (Sahin et
al., 2005). Redundancies between several mammalian
ephexin proteins and with Vav proteins expressed in
the nervous system might explain the lack of a promi-
nent in vivo phenotype. It may therefore be interesting
to investigate whether ephexin1 gene inactivation
would exacerbate the defects in neural circuitry forma-
tion observed in the Vav2-Vav3 null mice. Axon out-
growth abnormalities were observed, however, follow-
ing knock down of the single chicken ephexin gene in
lateral motor column (LMC) neurons of the chicken
spinal cord. Downregulation of ephexin expression
through RNA interference results in the premature entry
of LMC axons into the limb mesoderm, presumably by
impairing EphA4 repulsive signals that induce stalling
of these axons at the base of the ephrin-A5-positive
hindlimb mesoderm. These results demonstrate a role
for ephexin in transducing repulsive signals in vivo, and
perhaps introducing ephexin into medial motor column
MMC(m) axons—which express EphA4 but not ephexin—
would prevent their extension across ephrin-A5 territo-
ries. Support for the importance of ephexin tyrosine
phosphorylation in communicating signals downstream
of EphA4 also comes from experiments where overex-
pression of EphA4 together with wild-type ephexin, but
not with a tyrosine 87 to phenylalanine ephexin mutant,
dramatically disrupts motor neuron positioning in the
chick spinal cord.
Taken together, these findings underscore the critical
role of exchange factors in mediating Eph receptor sig-
nals that control Rho family GTPases. EphA receptors
have also been shown to signal through the Rac1 ex-
change factor Tiam1 to promote neurite outgrowth (Ta-
naka et al., 2004), and interplay between Tiam1 and
EphB receptors may be important for dendritic spine
morphogenesis through NMDA-type glutamate recep-
tors (Tolias et al., 2005) (Figure 2). Kalirin and intersectin
are Dbl family exchange factors that promote dendritic
spine morphogenesis downstream of EphB receptors
by modulating Rac1 and Cdc42 activity, respectively
(Noren and Pasquale, 2004) (Figure 2). Similar to ephe-
xin, intersectin binds to Eph receptors independently of
activation by ephrins (Figure 1), while Tiam1 and kalirin
appear to require ephrin stimulation (Figure 2). Tiam1
and kalirin are also phosphorylated on tyrosine resi-
dues following Eph receptor activation (Figure 2), al-
though it is not known whether their exchange activities
are modulated by this phosphorylation, and the phos-
phorylation sites have not been identified. In the future,
it will be interesting to examine whether ephexin pro-
teins present in dendrites—such as ephexin5—or Vav2
also regulate dendritic spine morphology downstream
of EphA receptors by activating Rho GTPases (Pas-
quale, 2005; Sahin et al., 2005).
Like all significant findings, the new articles expose
further questions. For example, can the differential reg-
ulation of ephexin activity toward Rac1, Cdc42, and
RhoA contribute to the switch between attractive and
repulsive effects caused by varying the levels of Ephreceptor activation by ephrins? How does the combina-
torial association of Eph receptors with multiple ex-
change factors ultimately shift the balance of Rho fam-
ily GTPase signaling? Perhaps this depends upon the
availability of exchange factors in different subcellular
compartments, the requirements for their association,
and the precise timing of their recruitment and activa-
tion. Uncovering how Eph receptors shift the equilib-
rium of Rho family GTPase signaling will likely be criti-
cal for understanding the molecular regulation of
growth cone behavior and neural circuitry formation.
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